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ABSTRACT

We summarize much of the important science that could be learned at a North American low
enargy antproton source It is Stiriking that thare :S Such a diverse and mulligiscipunary
program that would be amenable to exploraton Spanning the range from nigh energy partcle
pnys:cs 10 nuciear physics. alomic physics. and condensed manar physics the program
promises 1¢ offer many new Insignts into these disparaie branches of science. 1 is abundantly
Clear that e scientfic case for rapidly proceed-ng towards such a capavility «n North
Amarica is botn allyring ang strong
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I. INTRODUCTION AND OVERVIEW

During the past few years there have been numerous workshops and
conferences devoted to the science under d:.scussion here. In partcular
one should menton the seres of LEAR worksnops’2 the Madison
worksnop3 on the Design of a Low Energy Antimatter Faciity. and the
Fermiab workshop® on AntiMatter Physics at Low Energy (AMPLE) In the
present article. we extract what appears to be the most compeling of the
wige variety of physics that would become accessible, and attempt 10 give
sufficient details to allow one to judge the basic physics case for such a
machine

The guidelines :ssued for the present workshop indicated a somewhat
arbitrary 200 MeV maximum energy for the machine under discussion The
hmitations thus mposed on the diversity of physics by such a ceiing.
while certainly considerable. will be seen to be far from devastatng
Missing from the ajenda of such a maching would be the very intgeresting
higher energy topics such as the AS=1 CP wvigiation experment® pp—AA.
the new measurements that could be done : charmonium spectroscopy®.
and the puzzie’ of the enormous deviaton from QCD predictions of the
ratos for the branclhing fractions of the J/y and the ¥'to exclus.ve final
states We include a brief discussion of the first and last of these in
Section VIII under the "Higher energy p s° heading

As emphasized by Bob Jaffe® in the Fermuiap Proceedings. there are
two broad areas of concern in partcle physics toddy These can be

described as the “Ongins of the Standard Model® and the "Dynamics of



Confingmant «n QCD- It 1s rémarkable that a low energy antproton
faciity such as the one under cons:deration here can address both these
questions n a wital and straghtforward manner

Whie it s true that the standard model has enjoyed considerable
success. it 1S less frequently mentoned. but no less true. that there are
many parameters and phenomena that are arbitrary and not understood.
Exampiegs are 1) the sources of weak symmetry breakdown ) the org:n of
CP wvioiation. ) the ongin of quark and lepton masses and angles. and w)
even why SU(3)xSU(2)xU(1) should be the fundamental gauge groups chosen
by nature. In fact. the absence of proton decay at the 1032 year lfetime
has cast serous doubt on this simpiest version of the standard model A
low energy antiproton machine will contribute to our understand:ing n thiz
area most directly through precision tests of various nvarnance
principles such as CP  CPT and T Therefore. this top:«c forms one of the
cornerstones of :he bas:ic physics program for the facilty

The theory of Quantum Chromodynamics has aiso had its many
succosses However. after more than a decade. many fundamenial
questions are still unanswered The nature and ongin of continemant s
sull mysterious. the fact that the rich spectrum of particles can be
reproduced by naive bag models is astomsning The absence (so0 far) of
detinitive evidence for states® of gluons (=G) and/or gluons and Qquarks
may turn out to be fundamental. and yet the large number of particies that
have been reported which do not fit into the accepted scheme portends
excitement ahead In the field of meson spectroscopy a low energy

antuproton maching can be .Ssed to provide high statistics measurements



of excluswve final states resultng from Pp and pn anninilatons 10 enabple
definitive determmnatons o1 possible new states.

The various processes which occur when antprotons ann:hidate n
nucle: orfer a nch mileu for uncovering unanticipated phenomena. There
have been marny speculations and even some caiculatons? concerning the
energy densities 10 be expected when p's are absorbed in nucle Using a
reasonable mode! for the hadronization process. Gibbs and Strottman fing
that energy densities n the very nteresting range of 2 GeV/tm3 for
perods of about 2 fm/c should be attarnable Under such congitions we
would expect to observe the change of state of nuclear matter to that
which s ofien referred to as "quark-gluon plasma”.

A fungamental experiment!'9 thai has yet t0o be done s the
measurement of the grav:itational force on anumatter - the determ:naton
of g(Dp) Modern theories of gravity prea.ct that the acceleration of
protons and anuprotons n the earth’'s gravitational field will be
different’?  The aifference arises n quantum theories of gravity which
have masswve partners of the tensor graviton as ca.niers of the force of
gravity Note especially that this pred:.cuon remains regardless of the
resuits from the raft of current experments searching for anomalous
gravitatonal attracton between matter and matter A program of
experiments with antprotons tc determne tne strengths ana ranges of
these addimonal components to the gravitatonal force will be an
important activity at a low energy D facihity

A variety of precision tests of CPT could be done given a source of

antihydrogen atoms One can envision a measurement of the Lamb shift in



HO for instance In addtion precision measurements of the grawvitauonal
properties of anumatter may well become feasible f sources of HO  were
10 become avalable Cont and Rich'2 have gwven estimates of what s
achievable us:ing reasonable extens.ons of presently existing pos:tron
sources

In the remainder of th:s paper. we summarnze the present status of
these and some other topics as they relate to low energy anuprotons |In
Section IX. we provide a table of charactenstics of some of the most
interesting of the experments discussed here. the number of antiprotons

required to perform these experments 13 also inciuded there.

Il. IESTS OF INVARIANCE PRINCIPLES: CP, CPT. AND T

The role of precision tests of invanance principles in uncuvering new
and unexpected aspects of physical laws as manifest n the daifferent
fundamental interactions has a long and fruitful history. Violatons of
discrete symmetries often herald either a new nteraction or 3ubtie
mod:fications to that which has been presumed known It :s htng that
enormous expermental effort ccntinues to be cevoied to the search for
and ever more precise measurement of the invarnance of the interactions
to afferent combinations of the operations of Charge Conjugaton (C =
interchange of partcle « antiparucie). Panty Inversion (P = r — -r) and
Time Reversal (T mat— -t) Modern quantum rneld theories make the
assumption that all physical laws are nvarant under the comb.ned

operatons of CPT  The discovery of CP wiolaton .n the neutral kaon



system some 23 years ago has been remarkable because of its uniqueness
- 11 has not been observed n any other system (see aiso Secuon VIl A)
The comwbnaton of CPT nvanance and CP wviolation imphes T wviolation: it
has yet to be experimentally venfied. As usual. low energy antprotons
offer an 'mportant tool for the study of CPT. CP. and T invarnance

The elegant and precise demonstration of CPT invariance in the lepton
sector has been accomplished by Dehmelit'3 and colleagues over the past
quarter of a century They have shown the equality of the ;nertial masses
and the magnet:.c moments for electrons and positrons isclated :n Penning
traps. This tests the nvariance of the electromagnetic interaction under
the CPT operation The technique will be apphed to the proton -
antproton inertial mass determinaton'4 in a LEAR experiment., PS196
The aim s to test the equalty of the masses at a level of 10-9. a graat
improvement over the current precision of 1074 in the hadron sector This
will provide a test of the strong interactton under CPT If one could
compare the gyromagnet.c moments of the proton and antiproton. this
would test CPT in pboth the electromagnetic and strong interactions since
the anomalous moments have a compiicated source Other tests of CPT n
the electromagnetic intgraction come with the study of antihydrogen.
aiscussed in Secton V.

In the classic experments studying CP violation. one examines the 2n
and 3rn decay modes of the neutral kaon systems K and Kg The fact that

these are mixtures of tre K0 and [ leads to nterfererce patterns from

which on can extract the CP violatron narameters €. ', Tgg. and M .._



It nas peen empnasized by many authors€ 135.16 tnat pp  anninuanogn
affers the possibihty of producing tagged KO and K9 .nmal states The
study of the evolution of these pure states would allow a measurement of
the CP parameters :n an experiment hawving very different sources of

systematc errors from the usual K| -Kg experments LEAR experment

PS195 nas as its goal the study of the 2n and 3n decays of the neutrai
kaons (CP) as well as testng the equaity of the following reacton
rates17-18.19 (3 qirect test of T-invarance):

EE — K~ t* k0 . K0 E-O —in.e-se

ED—-,)K- Tt ?O . K_o — KO ——.Tt'e'ue
Anucipated precision for the experment s comparable to or shghtly
better than the current value for |¢ /€|, and the first time observation of T
violaton. A more definitive experiment will require a greater number of
antprotons than can be obtained at LEAR

We emphas:ze that the study of CP wviolation in K meson systems has

recently assumed aaded :mportance Just a few months ago. the UA1 group
at CERN unexpectedly observed large mixing n the BOSEOS system20
This may mean that there 1S now a new system in which one can study CP
violation. although at a cost that would be be astronomical compared 10
the machine under cons:geration at this workshop Indeed. the CP
violaton in the BOSBOg system should be related to tnat of the KO
system It :s.  therefore. essertal to obta:n as accurate and complete a

parametrization of the KO system as possible as a too! for trying to



optain a furidamental understand:ing of CP wiolation (its ong:n rather than
the phenomenolog:cal Kobayash: - Maskawa parametrizaton we have now).
Another experment that was discussed by J Milier at this workshop s

the .nterference pattern n the 2% decay of the K -Kg sysiem as a new and

independent means of observing CP wviolaton  Tagged neutral kaons
produced by another orde: of magnitude increase :n the numper of
antiprotons presently avarable would be essental for the success of such
an experiment.

We cbserve that the equalty of the Ifetmes of the neutron and the
antingutron s a test of CPT n the weak nteracton One should consider

whether such an expernment would be useful ac a low-energy p source

. GRAVITY AND D 's: g(DV/Q(H")

Our standard i1deas of gravity are really an interest.ng mixture of
class:ical and quantum physics The weak equivalence principle tells us
that the :nertial mass 1s equal to the gravitational mass:

m| = mcg
The nertial mass 1S a kinematc quantity: 't 1S the one whiii enters n
Newton's law of force

Fema
Cn the other hand the gravitat:onal mass s the gravitatonal analog of a

charge 'n electromagnetism It 1s the quanttv wh.ch enters n Newton's

law of gravitaton



Fz-Gmgm'g r2
The principle of the nvariance of the laws of physics under the combined
coeratons of CPT tells us that the nernal mass of a particle s equal 10
the nert:ial mass of the antiparticie
m; =,
From tnis ana Eq. (1) one might make the assumption that
"TE"“I’F;I'FEG
This would be unwarranted. however. because of the aforementioned
observation that mg s the equwvaient of a charge The fact that the

gravitational mass of a partcle and :ts antiparticile are not equal does
not violate CPT The principle of CPT dictates that an antiapp'e falis
toward an antearth \n the same manner in which an apple falls toward the
earth. It s silent concerning the trajectory of an antiappie (read
antproton) toward the earth Arguments aiong this hne led to an approved
experment0 (LEAR PS200) to make this fundamental measurement

In fact. modern attempts to unify gravity with other forces of nature
lead to the generic conclusion'! that the gravitational acceleration of the
antproton will nct be equal to that of the proton. gt some level At
present. these theornes are hoped to be renormalizable or finite. they do
viglate the weak equivalence principlie and predict effects that are
non-Newtorian  One can mention several of the physical motivatons
supersymmetry, dimensional reducticn. string theory The iterature
concern.nqg this subject 1S now oOutrageously large. and growng

Ixponent:ally




The fact that none of these theores has yet been proven 10 be
mathematically consistent deters no one Addwonally. the apparent lack
of any hope to confront these theones with experiment. such as venfying
a particls spectrum leads to a healthy skepticism concerning the:rr
connection with the perceived realty But they are tantalzing. indeed.
they may be gwving a hint into what the true pnysics might be It 1s hkely
that the exper.ment concern.ng the gravitational acceleranon of an
antiproton in the earth’s field may bear on this subject

These modern theornies of gravity have many common features They
nave spn = 1 and = 0 partners of the graviton, which may couple in a
generation-independent way to fermons, and in addition have finite
ranges. What pnenomenclogical effects are implied by these new
partucles? By considering a hnearized theory and :gnoring relativistic
effects. we obtain the following form for a ¢ avitational potental.

v(r) = [-Gm my/r] [1 = ae”"/v - pe™"/5]

(See reference 11 for the complete treatment ncluaing :he other etfects )
The first term. the normal tensor gravity term, 1s followed by two new.
non-Newton:an terms. The vector term has a = assoc:ated with . a
relative coupling constant. 3 and a range. v The scalar term has a
relative coupling constant b and range s. (The ranges ar. the inverse
masses of the graviphoton and graviscalar :n approprate units)

The minus sign n tront of the vector term would correspond to matter
repeling matter This 1 mathematcally the same as the vector photon of
electromagnetism lLke charges repel On the other hand. opposite charges

(anumatter ang matter) attract. The plus sign describes this situation

10



One nawvely expects a and D tv be of gravitatonal strength (In
principle. there could be many components we parametnze all these as
be:ng summed up to be 2 and D ) Thus. /f 3 anag D are of equa! magn.tude.
then for matter-matter interactions the vector and scatar terms would
aimost cancel. One mght observe an affect only \n very precise matter -
matter experrmerts However. for antmatter - matter interactons. the
sign n front of the vector te.m 1S opposite. and the vector and scalar
terms add togetner The antmatter - matter interaction displays a new
first order effect. n addtion. the matte. - matter interaction gains a
new. secord order effect.

The size of the effect aepends upon the value of tre parameaters
mer:.oned above If these new effects are on the Planck scale. 10-33 cm.
then they can be considered to be unobservable If. however they are on
the 200 meter scale. which the ~fifth force™ advocates would Ikke then
although the effect would be present it would be urgdetectable :n the
approved antproton experment Howaver. f it's on a longer srale. then
indeed an effect will be measured

What size ot effect could one have? Stacey. Tuck. and Moore2' have
done an analys:is of the Austrahan mine data using both the new vector
and a scaiar term They find ( @ - D ) = 001, ana allowed ranges up 10
~450 km This result has been put nto the PREM model of the earth and
integrated to see what effect would be antc:pated for the 3anuproton
gravity expegriment 10 Tne calculated results on the varation of q.as a
tunction of the (set to be equal) ranges show surprnsingly large effects

for ranges greater than several kilometers In particular for ranges of 40

11



km. one calculates a 1% effect in the anuproton experment which should
be measureable At 450 km one would hava a 14% effect. definitely
measureable This is for a=D=1 tre effect scalas with the value of a(=p)

If you aad to this the analys's of rap«d'y-rotating pulsars. which
allows vaiues of (a.b) up to O(100). then the expected difference in g for
the antiprotcn could be

Ag/qg = 014 « ae v 7 450km,

The detais of ihe experment are gwven elsewhere.10 Simply stated.
anuprotons from LEAR will be decelerated in several stages by the use of
degraaing fous ana Penn:rg traps. eventually cooling them down 10
approximately 10 K They will then be tossed up a superconducting dnft
tube: the cutoff in the arrval ime spectrum will provide a measurement
of § More accurately. the companson berween antprotons and H™ will
allow this to be extracted

Of course. the ultimate gravitat.onal experiment concerning
artimatter wouid de done with neutral antinydrocgen The advent of laser
siorage and veloCity selection techniques for singie atoms and magnetc
trap devices may eventually open up the possibility ‘or such an

experimant

IV. ANTIPROTON ANNIHILATION IN NUCLEI,

Unger what cond:tions might we expect to form a “quark-giuon plasma-
(QGP)? For a start we belheve that a state of quarks and uons exisis

inside a nucleon Give- a nuctenn radius of 0 8 fm_ the matter density p

12



's about 05 GeV/fm3 For a radws of 06 fm. p=1 GeVv:/fm3 It seems
reasonable t0 expect that .f we can arrarge 10 obtain a density of 1 to 2
GeViim3 cver a puclear volume, we just might observe a change of phase
to the long heralded QGP This reg:on represents an increase :n mass

density to p/pg = 6 tmes normal nuclear matter dens:ty at normal

nuciear temperature  or equivalently a temperature of 180 to 200 MeV at
normal density. Heavy :0n collisions probe the high density-low
temperature rec:on whereas energeti¢ p - Nucieus colisions may well
provide a means to explore the “low" density-high temperature region of
the nuclear matter phase d.agram

Qualitative argumen:s about what ncident p mgmentum would
maxi™ze the tsmperature ins:de the nucleus proceed along the following
nnes- slow p ‘s anmhiate on the surface because of the very large total
cross section. the energy Qquickly escapes the nucieus At higher D
energ:es the ann:hilaton takes place about a ferm: inside the nucleus
The annhilation pions. numbarng about ten, move mostly forward in the
lab frame and have a high probab:ity of depos:ting therr energy n a smalil
part of the nucliear volume through collisions with sevaral (=5) of the
constituant nucleons

Mouvated by such qualtatve considerations Gibbs and Strottman?
performed calculations using the Intranuciear Cascade (INC) formalism
Therr results show that for 6 and 8 GeV/c antiprotons absorbed on an
A=1C00 nucleus the temperature attains the 180 MeV value where a phase
transition 1S pred.cted They also calculate the total amount of erergy

that 1S actually absorbed in the nucleus For 8 Gevic D s 6 GeV gets

13



absorbped Thus the process s very efficient for putting the energy where
it 1S desrred - in the nucleus The calculated nuclear gens:ties that are
attained during the excurs:on nto the high temperature doma:n are

modest: p/pg = 14 10 18. It s this result that leads 10 the conclus:on

thar energetic P absorption on nucler provides an alternate route towards
a quark-gluon plasma It complements the more wdely discussed
relativistic heavy :on collision technique since it utihizes high T - low p.
instead of the converse

For a long tme the role of strangeness production as a k9y signature
of QGP tormation has been emphasized Close examination ~f data from a
bygone era has led Rateiski22 to conclude that high nuclear temperatures
(>100 MeV) have been observed :n at l@ast three experments.
1) D d— (Dgpectator) ~ K s at1-3GeVic
2) p 238y L neutron win the D absorbed at rest. and

3) p '8'Ta = A.Kg at 4 Gevic

These are discussed in some detall in the articie by G A Smii in the
present proceed:ngs The <onclusion can only be that the opportunities for

new discoveries here are oxcellent

V. ANTIHYDROGEN AND BASIC PHYSICS TESTS.
The formation and control of anthydrogen would represent both a

technolog:cal tnrumph and a gol!den opportunity Methods of obtaining this

exonc atom have baen studied by several groups 12.23.24.25 Once such an

14



atom s obtained. it will be a venuble CPT laboratory for mak:ng
fungdamental physics tes:s of quantum electrodynamics. Finally. this
would set the stage for the even more demand:ng project of storing
possibly macroscop:c quanutes of antnhydrogen n the form of cluster
ions We examine in more detal these three separate stages of scientific
deveiopment which would become accessible to study at a North American

anuproton Source

A. ANTIHYDROGEN FORMATION

Anthydrogen s composed of the antipartcles of the constituents of
hydrogen, viz an antproton orbited by a positron  Since both these
particles have separately been captured and contrc'led at low energies in
0N traps. it 1S apparent that the next step s the formauon. then control
of antihyarogen from these entities

The hrst effort in this direction ¢ the proposal?’ to merge beams of
positrons and an*protons at LEAR. and observe the foliowing reaction

De*t— H ¥,
that 1s the raa:ative formation of anthyarogen To Dboost the rate of
tormaton of the atom. the CERN group considered using a pulsed dye laser
to stmulate capture of positrons to the n a 2 Bohr orbit  They calcutate
that they could produce an anthydrcgen atom every few seconds using this
techmque

An experiment using normal matter s planned at the Unwersity of

Western Ontarig 29 Us:ng the ex:sting apparatus of the Merged Electron

15



lon Beam Experment. protons and electrons will yndergo stmylated
radiative recombination to yield experimental results which bear a.rectly
on the CERN experment As a further step. Rich, maL27 ~ave proposed
using a storage nng to conta:n the positrons. which should enhance the
rate cons:derably

Another approach circumvents the necessity of having the relauve
velocity of the antiproton and pos:itron being sO precisely matched
Antuprotons colide with positrommum and form anthydrogen in the
following reaction

D—" (e7e”) - H - e .

In the Aarhus collaboration.23 tne dea 1s 10 have a beam of antiprotons
going through a hollow cyhnder of aluminum A separata beam of
positrons enters through a hole 1n the cylnder. strikes the nside wall
ang forms positronnum  The first experment would expect on the orger of
one antihydrogen atom per second. with dramauc increases foreseen after
mo'e work

The above techn.ques would produce relatively fast antihyhdrogen
Colder antihyarogen would come from creation in traps One shou!d be
able to store 10°0 chargea particles per cm3 in traps at 10 K This led to
the suggeston28 of a par of nested .on traps each containing such
numbers of positrons and antprotons Scenarios were envisioned where:n
these parucies could be :nduced to combine in very short tmes A
complete discussion of these :deas ‘S contained :n the article by Mitchell

n these Proceed:ngs
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B. BASIC PHYSICS TESTS

After successfully creanng antihygrogen the problem of containment
and contro! becomes imperative. since it 1S neutral A natural choce 1S a
magnet:.c trap 29 Single atoms might be so contained gven an appropriate
laser to control the:rr velocity In fact, this may well be the most precise
method that one could devise for measuring the gravitational attracton of
antmatter to the earth

Experiments that would become :mmedrately poss:ible would
concentrate on study of the antihydrogen atoms before their ultimate fate
of annnilation Potn30 has empnasized the opportunities offered :n
atomi¢c and strong :nteraction physics by studies of antproton.c and
hyperonic atoms The most obvious fundamentar measurements that would
be made with antihydrogen however. would pe the tests of CPT for
Quantum Electrodynamics

As aiscussed n geta:ll :n the artcle by Nieto n these Proceedings the
CPT theorem states that for a giwen interaction. any measurement made
with hydrogen - magnetic moment transition ampltudes. decay rates
energy levels. energy shifts - would have the arialogous Quantity n
antihydrogen gxactly predicted by CPT The anthydrogen atom would thus
allow tests of CPT to be made for the entire set of measurements which

furm the bas:s of QED as we know it. for the hydrogen atom



C. CLUSTER IONS

Ths final top:ic n this secton concerns the formaton of cluster ons
of antimatter. As Stwalley discusses n these Proceedings. the concept s

gaunting. but challenging. A cluster :on. denotea by Hpn™. 1s an ion

composed of N hydrogen atoms with one electron removed. leaving it with
a single pos:tive charge. In this case it reduces simply to N protons and
(N-1) electrons

Uitimately what would be desired s to form a very large “seed
crystai” consisting of N anthydrogens This couid conceiwvably then be
augmented. a single atom of antihydrogen at a tme Obviously. one can
examire the feasibiity of this scheme by using ordinary hydrogen. One

poss:ble path s to first form Hy* by .ndrrect rad:ative assoc:ation

H*+ H+ ¥ 2 Hy* = Ho* + ¥
or assoc.atve .onizaton
H « Ho Hp* + @
Laser-assisted assoc:aton could be used to make H3* from Ha* and H In

prnCiple. one could contnue this process to high N. but this invoives a
compicated knowledge of the spectroscopy for each species A ser.es of
three@ body nteractions may be prefgrable at this stage

It 1s a fortunate circumstance that all these complicated unknown
aspects of cluster :ons can be studied with normal natter first  The
trans:ton to antimatter wil require that the techniques evolved for

matter ensure that .n the antmatter case no antmatter comes 'n contact

18



with matter because of the aaded compucaton of anmhitauon  Stwalley

covers this aspect of the problem n some deta!l

VI. MESON SPECTRQSCOPY,

Meson spe. .roscopy has reached an exc:ung stage A variety of
experments fing evidence for resonances which do not fit nto the
standarad pattern of Q@ meson nonets A current table of exotic results
which updates Ref 8 has been prepared by Sharpe and 1S gwen here as
Table | Eleven confrmed ocdies™ are hsted (Good reasons ae gwver in
in the paper by Sharpe in these Proceedings -5 to just why none of them
fit neatly nto our cutrent framework of qq nonets These states could
well represent the opening up of a thresrold of exotlc meson resonances -
these which contain consutuent gluons

Such exotc mesons have iong been expected n tha spectrum of QCD
Tnis follows from an extrapolaton of models whicn can account for the
standard pattern cf meson nonets. @ g the MIT bag model or the flux tube
mode! These moagels suggest that n addition to q and q constituents
there should be :ndependent excitatons of gluons - cor.stituent gluons (g)
it so. there will be new resonances glueballs (G=gg) and mekions or
hybrids (Qdg) Some of these states have exolic Quantum numbers which
are not avarlabls to 4q states e g JPCuai1-+  we shai refer to ail such
states as exotic mesons

It has not yet been proved theoretcally. however. that such f£xolCs

exist in the spectrum of QCD Eventually numercal lattce calculatons
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TABLE I. Exotic Resul's in Meson Spectroscopy”

JPC_0+ 1++ 1+ qq nonets filled.
Confirmed odditias are listed here.

Conjectured Particle JFC Isospin Mode of Study
Structure Name —_ '

G, 49 T or T(1460) o+ 0 pp at rest
qqg f4 or E(1420) (10 "

G, qq fo or G(1590) c++ 0 "

q4g p' or C(1400) 1 1 "
q2q?2 X(1480) 0++ar 2++7 "
G f>' or 6(1720) 2+ n pp in fiight
94g, 44 £ (2200) 2t+ord4t+ 0 "
G P9 (3 states~2200) 2+ 0 "

qq P9 (2200) 0"+ 0 "

"Table prepared by S. Sharpe, see his article in thesn Proceedings.
Data from LASS (Kp), MKIill, TPC/MKII, Lepton-F, BNL, MPS, ...
G=gluons.

In no case is interpretation unambiguous.

Need more decay channels--Need more tata.
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may be able to answer th:s queston from first principles and prov.de
predictions for the masses of the hgnhtest exoucs Unul then progress
can only come from experiments search.ng for exotCc Sstates. measuring
therr propertes and ccmparing the experimental results with model

.ﬁ

prad:.ctions *+ can then gecide be'ween phenomenolog:cal models. which
N turn w.l' o better theoretical input to experrment The goal s
eventually to ..v both tie model and the data i1t reproduces to the
calculatons rtased on first principles In this way we achieve a
gquantitauve test of QCD, while at the same time obtaiming useful
>~gnomenclogical mcdels for the spectrum of field theories. These can n
turn be apphed to future theoras of matter at shorter distances

A hgh luminosity. low energy D source can play a central role n Such
a program  Annihilations at rest enab’s a detaled study of exouc mesons
with masses up to =17 (Gev. while annhiatons in fught can extend this
range up to and beyond the V¥ Present models all suggest that the
tnreshold for exotic mesons hes below 17 GeV and that the number of
states ncreases rap:dly with energy Decay w:dths increase with
'ncreasing mass. SO the specirum can probably only be unravellea for
about 1 GeV above threshold Thus a low energy D source will provid- a
window through which one hopes to view this exouc landscape.

It should be emphasized that a successful search for such states will
of necessity. utilize every known expermental tr.ck one can muster A
good example s quantum number restriction of final states. which heips
to reduce the nevitable backgrounds from conventional mesons When

antiprotuns ann/hilate at rest n hquid hydrogen Stark mixing Causes
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practically every annihilation to proceed from an initial L=0 state. For
particular final states, . g. NmOn?%, mnnmnl, @O0 this can be
especially powerful. Because the branching ratios for such channels are
expected to be small, probably in the range 104 to 1079, high luminosity
will be essential for these measurements.

Another potent experimental strategy is to use the fact that a p
machine of several GeV/c represents a real ¥ factory. It has long been
recognized that the most promising way to find unambiguous evidence for
glueballs is in the radiative ¥ decays: Y =¥ X. In this case X can be a
digluon in a color singlet. By using realistic p machine parameters of: a)
momentum resolution of a few times 10-9 (e cooling, gas jet target), and
b) luminosity of 1031 cm2 . sec! (current technology), then one

obtains3' the astonishing estimate of 109 ¥ 's produced per year! This is

hundreds of times as many ¥ 's as have been produced so far in all the ete-
collider experiments to date. The two big advantages offered by a p
machine are as follows: a) luminasity - 1031 cf. 1029 for e*e~ machines,

and b) very small momentum spread - AV s/T'y is less than one for pp,

cf. =100 for e*e- machines. The fact that much hadronic background
accompanies the desired process in the p case is an inconvenience that

can be managed by modern fast triggering techniques.

Vil. ANTIMATTER STORAGE IN NORMAL MATTER

The ability to store antimatter in matter will probably be required if
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we are to reahze the dream of using anumatter n large-scale practcal
apphcatons. Orn the way towards that goal hes an array of soid stzte
physics studies of much interest. Assuming. for example that a source of
antiprotons exists with the appropnate deceleration facihties to make
them avalable at low energies. the queston that :s addressed by L.
Campbell n these FProceeaings i1s as follows: just how many of these
antiprotons can be stored by which techriques.’

The “standard™ ways of storng anumatter are n electromagnetc
pottles. such an Penning traps. In the section on anuhydrogen. we
mentuoned the possibiity of stornng an anthydrogen atom .n a magneuc
bottie; while very interesting for many experimental purposes. it i1s of
hmited utiity for dense animatter storage. (The possibility of
e'ectromagneuc levitaton of sohds 1S skipped here.) In order 10 store
aignificant amounts c¢f antmatter. new technolog:es wil have to be
invented.

One technology could involve direct storage of antiprotons n
condensed matter because the electromagnetc force. which prevails there
n astomshing complexity. has a much longer range than the strong force
which s responsibie for the ultimate fate of anmnilation of the
antiproton. However. an equally :mportant feature of stable condensed
matter. Fermi statstics. discourages hope for equ:librium trapp:ng of
antiprotons Nevertheless. the combimnation of effects hke dynamic
stab:hization and spec:al environments such as the surface of superfiud
dHe may lead to environments that locally trap antprotons Even

small-scale surface storage would be qu:te valuable as a nucleation site
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efficiently conducting the condensation energy to normal

An even longer term version of this question applies to the _
of neutralizing antiprotons with positrons to produce antihydrogéé;.’ ’n
ong would want to know how to store this even more interesting yet
difficult to handle species. The interesting chemistry and physics
probiems associated with this are discussed by Stwalley in these
Proceedings.

The basic problem in storage can be understood in the context of Lieb's
theorems32 on the absolute stability of matter. Lieb has shown that the
stability of large-scale matter is due ultimately to the Pauli exclusion
principle. However, there is no Pauli exclusion principle operating
between matter and antimatter, so there is nothing a priori to prevent
their coming together, and hence annihilating. Thus, one is forced to try
to avoid the implications of Lieb's theorems.

For charged particles, containment by some configuration of gstatic
electric fields is forbidden by Earnshaw's theorem. There are, nowsver,
promising avenues to explore in steady-state, nonequilibrium systems
(such as storage rings) or those systems in which the decay constant of
the instability is long (as in some traps utilizing combinations of electric
and magnetic fields ). As an obvious first step, one might consider the
miniaturization of electromagnetic traps. As Campbell discusses in these
Proceedings, existing traps can, in principle, be s~aleu down in size to the
order of 10°4 cm, with the consequent maximum densities of order

10Y3/¢cm3.  Thus, Campbell can "envisage" a cubic meter of these small
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rraps containing. 1n principle. up to 1078 antprotons

However, these would sull not be atomic - scale traps Such a trap
has been conceiwved of by Clark. 91a133 They point out that one could use
the "Stark sadale”. or force - free locaton of a partucle n an apphed
extarnal field plus a local «on feid. Since this 1s a sadale. applying a
perpendicular magnetic field will only produce metastabi:ity. as compared
to the stability of a Penning trap The numbers imply that thi.s concept
may be of use in gaseous phase.

There also may be an atomic analog to the storage ring which would
make use of the pnenomenon of channeling of charged parucles n a
crystal the channel rng This 1s even more speculative. since it 1s not
known how to fabricate a closed-path channel :n a crystal It :s even more
arfficu't to imagine how to arrange a reflecton at each end of a straight
path. However, one mght derive encouragement from the recent
unexpected observaton34 of n- channeling n a helcal pattern around
hnes of atoms :n a crystal

Campbell has estimated the atomic scale trapp:ng parameters which
would prevant a stored antiproton from either annihilating directly or
beng hrst captured n an atomic orbit and then annhilatng He finds that
such a trap could contain an antiproton for a year if the antproton 1S kept
a tew Angstroms away from ordinary matter Muons have simiar trapping
characteristics in this respect. and so would serve as Qood test parucles
n developing such small scale traps (It s also mentoned that polaron
and exc.ton states centered about antprotons in sohds provide a rnch

field of stuay for theorists interested :n antprotons n solds )
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The problem of storage in solids can be approached from an alternative
viewpoint: that of understanding the quantum mechanical properties of
particles in potential wells. Just how does a particle tunnel and/or decay
from a metastable state to a lower state: that is, to annihilation. Various

studies have found that:

i) By slightly changing the shape of a potential, one can inhibit tunneling
unless there is either coupling to other modes or dissipation in the
system.

i) The exponential decay rate can be modified significantly if the product
of the decay itself is unstable.

i) In certain coupling situations, muons and protons inside solids can
change from a diffusive condition to a trapped condition.

iv) A charged particle in a lattice can be Incalized under the action of a
time-dependent electric field.

v) The conditions for localization and/or tunneling in two-level systems

have been studied in detail.

Note that the above separate topics and their conclusions are in principle
(and sometimes explicitly) i1alated to each other.

All the above ideas suggest that we must rely on experiments to tell
us which, if any, of them will yield practical large-scale storage devices.
We also note that none of these experiments are presently being done.
Although some of the suggestions are admitedly in the "let's see what

happens category,” this is often the way new phenumena are discovered in
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the complcated condensed matter world It 1S instructive t0 menton the
example of nigh temperature superconductors in tms connecton

A first. partcular suggest:on 1s to see if channaling 2ccurs. and how it
occurs. with anuprotons  Equally nteresting 1s what anuprotons will do
in superfiuid 4He  Some have suggested that "bubbles™ or self- contaneq
cavities might occur. as 'S the case with electrons3> and positronium 36
Further. there i1s the possibility that with an appiied electrc field one can
make electron-antiproton states at the surface which do not penetrate the
surface (because of the electrons) and thus have a long antproton
ann:hiiation rate.

Three environments where one dles not expect long scale trapping to
occur are n degenerate hquid 3He superconductors. and semiconductors
However these are all such interesting and exotc Substances. that it is
worth performing experments with antiprotons just as a d.ognostc tool.

let alone for the poss:ble unforeseen surprises that might occur

VIl. HIGHER ENERGY D " 8

A. CP VIOLATION IN pp — AA

It was 23 years ago that CP wviolation was discovered i:n the decay of
tne neutral kaon system (K? «— KO0) In tne interm. this puzziing
pnenymenon has not been gbserved n any other system than the one in
which 1t was ong:nally discovered The Stangard Model has problems

accomogat.ng the magnitude of the wviolation myriad extensions to the



standara mode! have been proposed

1) the Kobayash: Maskawa Model wherein the wviolatior occurs n t-e
couphng of the gauge bosons 1o the quarks but :s generated by the Higgs
sector.

2) the Weinberg Higgs Mode! where the wviolaton i1s founa n the Higgs
potential and :s manifest «n the coupling of the H:ggs 1o the quarks.

3) the Superweak Mode!. where again the wviolation comegs from Higgs. but
n this model CP violaton would be restricted only to the kaon System
and

4) the Left - Right Models in wnich the wviolaton anses from both the

effects in 1) and 2)

Whether both A S=2 (as in K0 K0) and A Sa1 (as m pp — A L) exhibit
CP wviolation would appear to be an exnermental queston The v inous
models of CP violanon dffer in ther predctons® of the magnitude of
4 Se1 pp — AA CP violaton They all agree. however. that it i3
sufficiently small as to make the measurement extremely hard

The experimental quantities which are expecied to be related to the CP
violaung phases and thus demonstrate CP violaton f founa to be non-zero

are

=i

A=(r-T)Ys7(r -
C
B

)
(x* o)/ (x - o)

(8-817/7i8-738)

Thus A measures the difference n the partial decay w:dth for the .. and
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the A C and B reveal dfferences n the decay parameters which
characterize the angular distrbution of the decay products of the hyperon
ana antihyperon By using the known Al = 1/2 rule and final state 1T-N
nteraction. Donoghue5 estimates that the magn udes of the three
quanttes are related as follows B =10« C = 100 « &. He also finds
that the Kobayashi Maskawa Mode! pred:<ts about 2 193 for :he value of
C while the Weinberg Higgs Mode! yieids 10°¢

Aithough a recent LEAR experiment37 with only 4 000 events found
that C = -007 t 009. corsistent with zero. it 1S obvious that an
improvement 1n pracision by a factor of one to ten thousand s not a
tnvial matter One will need to measure accurately the symmetr.c decays
A—pT~ and A-DpT". between 108 and 109 avents in this channel must be
collected and analyzed n order to ach.eve the required level of prec:sion

The number of antiprotons required 1S very large on the orger of 1014 10
1015

B. EXCLUSIVE CHARMONIUM DECAYS

As a representative example of the broad class of exparments that
study exclusive final states n B-D annihilation, we ment.on one of the
rare “crisply defined experimental puzzies® n hiy : energy phys:ics which
would. incidentally be amenable to study wiln @ high luminosity p source
Tre evidence for this puzzie has been accumu'>ting for many years
Broasky Lepage and Tuan’ reminded us of its sigmificance n a recent

paper
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The decay of the ¥ and the ¥ into exclusive final states of hadrons s
expected to proceed via three gluons or. occasionally. via a single direct
photon. The probab:ity for the decay 's proportonal to the square of the
wave functon of the cC par at the ongin: | ¥(0)| 2 Thus one would
expect that the rato of the branching fractons for v~ and ¢ to radrons 10

be the same as for leptons. namely

QnaB (¥ —nadrons ) 7/ B ( ¢y — hadrons )

B(y —e"e” ) 7 B(y —- ¢e"e” )
0.135 £ 0023

For a host of final states such as ppn?. 27 *2w " n% W W~ w. and
3m 3 0. this expectation has been fuifiled For the pm and K" K
final states. this 1S not so

Qo < 00063
Q¢ x < 00027

These are upper hmuts only, thus the rauos are at least a factor of 20 and
50 umes smailer than expected An appealing proposed explanation s
that a reasonably narrow intermediate state of gluonmium exists close to
the ¥y mass which then couples to hadrons In essence this makes the

denominator of Qp larger than expected from QCD arguments alone

Here 1s an outstanding example of an experiment that :s yary d.fficult
without @ D source (see section VI concerning the efficiency of
production of ¥ 's). but would be relatively straightforward with a

machine that would take p 'S up to 7 Gev/c
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IX. SUMMARY AND CONCLUSIONS

The range 0° physiCs top:cs that ras been touched on :n the present
article s ndeed vast The partcipants n the Basic Physics Program
section of the workshop summarized the expenmental requirements for
most of the topics that were discussed there Takle Il gives the results of
these requirements The degree of aifficulty. as defined in the footnote 1o
the table. i1s indicated for a range of experiments. also given 1S the number
of antiprotons that would be raquirred to perform the experments As can
be seen there. the range covers the map - from just a few antiprotons 10
more that 107 As a reference point. we note hat LEAR nhas provided
fewer than 1073 D 's n any year of operaton38 up 10 the present time
We also menuon that the CP violation experiment (P?S195) has been
approved for a total of 1013 7 's. but obviously could use at least another
order of magnitude n order to do a good measurement of [¢ /€|

There was much discussion at the worksnop about the feasibiity of
portable sources of p's - a sort of hiing staton ag;"oach We indicate in
the last column of Table Il whether the experiment . cons.dered Suitable
for a portab.e source

We have summarized the physics case for proceeding with a Low
Energy Antiproton Source n North America In the opini.  of the
attendees at the workshop. this case 1S most allunng having great
potential for new and unexpected discoveres The time s right for a pusn

for a speedy construction of such a facihty
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TABLE Il. Characteristics of Low Energy p Experiments

1 pp — ~AA.CPvolanon Great >1014 No

2 K0, kP CP & Twolaton High >1014 No

3 Inertal M=M ? CPT test Low Few Yes

4 HU spectra. Lamb. Ry? CPT High 102 Yes

5 Gravity: g( D) =g(p)? High 1010 Yes

6 Hadron Spectroscopy. exotica? Hign 1012 No

7 5-A QuarkGluon Pasma ow 04 N
8 p-A Strange Frepalls etc Low 1014 No

o CodR Fy. R~ prod"&mang"  Hgn  tewto 10212 Yes
10 Cold e* plasma + D ' Hign tew Yes

11 ManerrAntM Collision Dynamics Low >106 Yes

12 Condensed Matter Studies

a D atoms Low 106 Yes
b D channeing Low 106 No?
¢ D 'sn dynamiC traps Great 106 Yes

*Definiion of the afferent degrees of difficulty
Great = Don't Know How

High « We Know. But It's Hard

Low = State of the Art
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